Wong BJ, Sheriff DD. Myogenic origin of the hypotension induced by rapid changes in posture in awake dogs following autonomic blockade. J Appl Physiol 105: 1837-1844, 2008. First published October 16, 2008 doi:10.1152/japplphysiol.90732.2008.-The "push-pull" effect denotes the reduced tolerance to ϩG z (hypergravity) when ϩG z stress is preceded by exposure to hypogravity, i.e., fractional, zero, or negative G z. The purpose of this study was to test the hypothesis that an exaggerated, myogenically mediated rise in leg vascular conductance contributes to the push-pull effect, using heart level arterial blood pressure as a measure of G tolerance. The approach was to impose control (30 s of 30°head-up tilt) and push-pull (30 s of 30°head-up tilt immediately preceded by 10 s of Ϫ15°head-down tilt) gravitational stress after administration of hexamethonium (5 mg/kg) to inhibit autonomic ganglionic neurotransmission in seven dogs. Cardiac output or thigh level arterial pressure (myogenic stimulus) was maintained constant by computercontrolled ventricular pacing. The animals were sedated with acepromazine and lightly restrained in lateral recumbency on a tilt table. Following the onset of head-up tilt, the magnitude of the fall in heart level arterial pressure from baseline was Ϫ11.6 Ϯ 2.9 and Ϫ17.1 Ϯ 2.2 mmHg for the control and push-pull trials, respectively (P Ͻ 0.05), when cardiac output was maintained constant. Over 40% of the exaggerated fall in heart level arterial pressure was attributable to an exaggerated rise in hindlimb vascular conductance (P Ͻ 0.05). Maintaining thigh level arterial pressure constant abolished the exaggerated rise in hindlimb blood flow. Thus a push-pull effect largely attributable to a myogenically induced rise in leg vascular conductance occurs when autonomic function is inhibited. tilt; gravitational stress; orthostatic intolerance; atrioventricular block RELATIVE BRIEF EXPOSURE TO less than ϩ1 G along the long (z) axis of the body (e.g., microgravity, 0 G z , or negative G z ) reduces G z tolerance during subsequent exposure to positive G z stress. This pattern of G stress occurs in the flying environment when a pilot first pushes on the control stick to unload the aircraft to zero or negative G and then subsequently pulls on the control stick, thereby imposing high positive G z stress. For this reason, the phenomenon of reduced G z tolerance following brief exposure to hypogravity has been termed the "push-pull effect" (2), and the term is used here for convenience. Moreover, similar alterations in regional hydrostatic pressure occur during common everyday movements, such as bending over to pick something up, and thus these studies relate to the dizziness, and possible loss of consciousness, that can accompany "standing up too fast" (10).
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The reduction in G z tolerance in push-pull gravitational stress is associated with an exaggerated reduction in eye level blood pressure in response to ϩG z (2, 5, 6, 7, 8, 9, 17) , and this hypotension is graded to the magnitude of the "push" stimulus (7) . The push-pull effect has been demonstrated in human subjects (1, 2, 3, 5, 6, 18) , as well as in both conscious (17) and anesthetized (7, 8, 9, 17) rats and in sedated dogs (14) . The axis of rotation appears to be an important factor in human subjects (3), but not in rats (8) , and sex does not appear to be a factor in rats (8) . The push-pull effect appears to be entirely an autonomically mediated phenomenon in anesthetized rats (9) , whereas there is evidence for a neural component in humans (6) . An exaggerated rise in leg vascular conductance contributes importantly to the push-pull effect in humans when autonomic function is intact (18) ; herein we seek to identify potential mechanisms that might account for this observation.
A previous study demonstrated that a nonautonomically mediated push-pull effect occurs in dogs (14) . In this study, the fall in eye level arterial pressure during head-up tilt, when head-up tilt was immediately preceded by head-down tilt, exceeded by 10 mmHg the fall seen in control conditions. Because the decreases in stroke volume and thus cardiac output were similar (but not identical) between control and push-pull gravitational stress, differences in the loading conditions on the heart did not appear to contribute to the push-pull effect. Rather, the push-pull effect appeared to be largely attributable to differences in calculated total vascular conductance (TVC). The purposes of the present study were threefold. The first was to impose control and push-pull gravitational stress while beat-by-beat cardiac output was maintained constant so that the role of peripheral vascular factors in producing a push-pull effect could be studied in isolation. The second purpose was to test the hypothesis that an exaggerated, nonautonomically mediated rise in pelvic limb vascular conductance contributes to a push-pull effect in dogs, as has been demonstrated in humans when autonomic function is intact (18) . The third purpose of this study was to test the hypothesis that the myogenic response contributes to the exaggerated rise in hindlimb blood flow during push-pull gravitational stress. The fall in lower body arterial pressure that occurs during head-down tilt is expected to elicit myogenic relaxation (4); e.g., even relatively brief (10 s) "unloading" of rat hindlimb arterioles induces a nifedipine-sensitive reactive hyperemia, presumably of myogenic origin (13) . If such vasodilation persists early on during head-up tilt, an exaggerated rise in conductance would result. To test this hypothesis, we imposed control and pushpull gravitational stress while holding arterial pressure at the level of the thighs constant, such that the stimulus for myogenic reactions in the hindlimbs was clamped.
METHODS
The following procedures meet National Institutes of Health guidelines and were reviewed and approved by the Institutional Animal Care and Use Committee of The University of Iowa. Experiments were carried out using ten 18-to 28-kg mongrel hound-type dogs (Oak Hill Genetics, Ewing, IL). The distance from the eyes to the right atrium ranged from 32 to 38 cm, and the distance from the right atrium to base of the tail (trunk-length) ranged from 41 to 51 cm.
Surgical Preparation
The animals were prepared in the following series of two aseptic surgical procedures, as described previously (19, 20) . A blood flow transducer (Transonic, Ithaca, NY) was placed around the terminal aorta via a midabdominal incision, and the cable was tunneled subcutaneously to a midscapular exit site (two dogs had transducers placed on an iliac artery, and the measurements from these dogs were adjusted to match the average terminal aortic flow from the remaining dogs, as described previously) (16) . A catheter was inserted into a side branch of the femoral artery and advanced into the abdominal aorta, a catheter was inserted into a side branch of the femoral vein and advanced into the abdominal vena cava, and a catheter was inserted into the right jugular vein and advanced to the caval-right atrial junction. A skin patch delivering 25 g/h of fentanyl was placed on the dog for 72 h following surgery to control postoperative pain. A right thoracotomy was performed, and a blood flow transducer (Transonic, Ithaca, NY) was placed on the ascending aorta, and pacing leads were sutured to the apex of the left ventricle. Atrioventricular block was produced by injecting a small volume of formalin into the atrioventricular node. A skin patch delivering 50 g/h of fentanyl was placed on the dog for 72 h following surgery to control postoperative pain. The animals were treated with cephazolin (1 g iv) immediately before each surgical procedure and with cephalexin (500 mg twice a day) for 1 wk postoperatively. The animals were allowed at least 1 wk for recovery between surgical procedures. All experiments were performed after the animals had recovered from the surgery and were afebrile, active, and of good appetite. A pacemaker carried by the dog paced the heart at ϳ70 beats/min between experiments.
Experimental Procedures
The animals were sedated with acepromazine (20 -30 mg iv) in order that the results would not be complicated by the nonspecific reactions to tilting of human subjects (22) or unweighting of rats (23) . The animals were treated with hexamethonium (5 mg/kg) in order that local peripheral vascular factors could be studied in isolation.
Tilting protocols. The animals were lightly restrained on a padded tilt table. For all rotations, the animal was oriented such that Earth's gravity vector was applied across the animal's y-axis, so that G z gravitational stress could be imposed by manually rotating the table and thus the animal about the animal's x-axis (roll rotation). The starting position was 0 G z (ϩ1 or Ϫ1 Gy). The control treatment consisted of rotating the animal 30°head up (ϩ0.50 Gz) for 30 s. The push-pull treatment consisted of 30 s of 30°head-up tilt that was immediately preceded by 10 s of 15°head-down tilt (Ϫ0.26 G z). Movement times were ϳ1 s (0.5 g/s). Each animal was subjected to a control trial, a push-pull trial, and a second control trial. This counterbalanced design was selected to minimize possible time effects of repeated exposure to gravitational stress. The animal recovered for at least 1 min in the horizontal (0 G z) position between tilts.
Pacing protocols. Two separate protocols were carried out. In one, cardiac output was maintained constant beat by beat by computercontrolled ventricular pacing, as described previously (19, 20, 24) , in order that peripheral vascular factors could be studied in isolation and to test whether the pelvic limbs contribute to the push-pull effect, as previously seen in humans (18) . In the other trial, the arterial pressure transducer was moved to midthigh level (range 40 -47 cm below the level of the right atrium), and beat-by-beat computer controlled pacing was imposed to maintain arterial pressure constant (12, 15) at the level of the middle of the thighs to "clamp" the level of stimulation for myogenic responses.
Data Collection
The arterial and jugular catheters were connected to pressure transducers (PE10 EZ, Ohmeda, Madison, WI) secured at the level of the right atrium for trials in which cardiac output was maintained constant. A length of water-filled tubing connected to a similar pressure transducer was mounted on the table to measure tilt. Each flow transducer was connected to a flowmeter (T106, Transonic, Ithaca, NY). All signals were digitized at 1 kHz, and beat-by-beat mean values were calculated and stored on a microcomputer for subsequent analysis. The data presented in Fig. 2 were simultaneously digitized at 250 Hz and stored on a second microcomputer using a commercially available data collection system (Sonometrics, London, Ontario, Canada).
Data Analysis
Data analysis was performed on 2-s averages of the digitized beat-by-beat data. Stroke volume was calculated as cardiac output divided by heart rate. TVC was calculated in the conventional manner by dividing the measured left ventricular output by the heart level arterial-right atrial pressure difference.
For the constant cardiac output trials, hindlimb vascular conductance (HLVC) was calculated as terminal aortic flow divided by the heart level arterial-right atrial pressure difference, and thigh level arterial pressure was calculated from arterial pressure measured at the level of the right atrium, the heart-thigh distance, and the degree of tilt. For the constant thigh level arterial pressure trials, heart level arterial pressure was calculated from arterial pressure measured at thigh level, the heart-thigh distance, and the degree of tilt, and, because local arterial pressure was constant and the local venous pressure was unknown and changing, no calculation of HLVC was attempted.
Baseline values were established by averaging the signals over the 10-s period commencing 20 s before the onset of head-up tilt and terminating 10 s before the onset of head-up tilt (i.e., over the 10-s period immediately preceding the onset of head-down tilt in the push-pull trials and over the corresponding period for the control trials). The magnitudes of the responses to ϪG z stress (⌬Push) were calculated as the difference between the peak or nadir value observed over the 10-s period of head-down tilt, or the corresponding period in the control trials, and the baseline value. The magnitudes of the responses to ϩG z stress (⌬Pull) were calculated as the difference between the peak or nadir value observed during the period of head-up tilt and baseline pressure.
Statistical Analysis
Baseline, ⌬Push, and ⌬Pull values between control and push-pull trials were compared statistically by paired t-tests, and differences were considered significant if P Ͻ 0.05. Data are presented as means Ϯ SE.
RESULTS
The time courses of the hemodynamic responses to control and push-pull gravitational stress, averaged from 7 dogs, are shown in Fig. 1 . The group mean values of the derived variables at the time points of interest are presented in Table 1 . None of the baseline values differed between control and push-pull trials (Table 1) . Head-down tilt raised right atrial pressure (Fig. 1B) (P Ͻ 0.001 for the ⌬Push value of right atrial pressure for control vs. push-pull in Table 1 ). Head-down 1A ). Head-up tilt reduced heart level pressures, and there was a greater fall in heart level arterial pressure when head-up tilt was immediately preceded by head-down tilt (Fig. 1A) , and this difference achieved statistical significance (P Ͻ 0.05 for the ⌬Pull values of heart level arterial pressure for control vs. push-pull in Table 1 ). Right atrial pressure fell similarly during head-up tilt in the control and push-pull trials (Fig. 1B) .
Stroke volume fell similarly in the control and push-pull trials (Fig. 1C) . Since cardiac output was fixed, heart rate also varied little between control and push-pull trials (Table 1) ; in fact, the y-axis of Fig. 1C can be interpreted as depicting interbeat interval, scaled from ϳ0.5 to 1 s. The goal of maintaining left ventricular output constant was achieved, as denoted by the horizontal lines in Fig. 1D .
As shown in Fig. 1E , head-down tilt reduced hindlimb blood flow (P Ͻ 0.001 for the ⌬Push value of hindlimb blood flow for control vs. push-pull in Table 1 ). Hindlimb blood flow rose to a peak early during head-up tilt and then returned toward baseline. The rise in hindlimb blood flow was greater when head-up tilt was preceded by head-down tilt (P Ͻ 0.01 for the ⌬Pull values of hindlimb blood flow for control vs. push-pull in Table 1 ).
TVC rose during head-down tilt and then continued to rise early during the period of head-up tilt (thick line in Fig. 1F ). The rise in TVC during head-down tilt and early on during head-up tilt in the push-pull trials exceeded the changes observed during the control trials (thin line in Fig. 1F ) (P Ͻ 0.05 for the ⌬Push and ⌬Pull values of TVC for control vs. push-pull in Table 1 ). Note that the ⌬Pull values of TVC reflect the rise to the early peak during head-up tilt, which occurred at approximately the same time as the nadir in heart level arterial pressure (Fig. 1A) . That is, ⌬Pull for TVC was not calculated based on the nadir in conductance that occurred at the end of the period of head-up tilt.
As shown in Fig. 1G , head-down tilt reduced HLVC (P Ͻ 0.001 for the ⌬Push value of HLVC for control vs. push-pull in Table 1 ). HLVC rose to a peak early during head-up tilt and then returned toward baseline. The rise in HLVC was greater when head-up tilt was preceded by head-down tilt (P Ͻ 0.01 for the ⌬Pull values of HLVC for control vs. push-pull in Table  1 ). The exaggerated rise in HLVC during the push-pull trials accounted for ϳ43% of the exaggerated rise in TVC during the push-pull trials.
Typical hemodynamic responses to push-pull gravitational stress in a single dog when thigh level arterial pressure was maintained constant beat by beat are depicted in Fig. 2 . The goal of maintaining mean thigh level arterial pressure constant was achieved as denoted by the horizontal white line in Fig. 2A .
Tracings of the hemodynamic responses to control and push-pull gravitational stress with constant thigh level arterial pressure from seven dogs is shown in Fig. 3 . The group mean hemodynamic values for the control and push-pull trials are presented in Table 2 . With the exception of cardiac output, baseline values were not significantly different between control and push-pull trials. In response to head-down tilt, there was a significant increase in heart rate, cardiac output, right atrial pressure, and hindlimb blood flow (P Ͻ 0.05 for ⌬Push values for control vs. push-pull; Table 2 ). Stroke volume was significantly reduced in response to head-down tilt (P Ͻ 0.05 for ⌬Push values for control vs. push-pull; Table 2 ). Hemodynamic variables did not differ between control and push-pull trials in response to head-up tilt (Table 2) . Importantly, soon after the onset of head-up tilt, the hindlimb blood flow response was similar between control and push-pull trials (⌬Pull values in Table 2 and Fig. 3D ).
DISCUSSION
The major new findings of this study are that a push-pull effect can be produced by a nonautonomic mechanism(s) when cardiac output is maintained constant, and that over one-half of this effect is attributable to an exaggerated rise in HLVC. The exaggerated rise in hindlimb conductance is of myogenic origin in that it was abolished by maintaining thigh level arterial pressure constant (i.e., clamping the stimulus for myogenic reactions in the legs).
Response to Head-up Tilt
A recent study on humans demonstrated that head-up tilt induced cardiac output to initially rise, after which cardiac output decayed to a level below the baseline level measure in the supine position (18) . Leg blood flow exhibited a similar pattern (18) . These investigators proposed that the initial rise in leg blood flow was produced in part to a local widening of the arterial-venous pressure gradient in the legs. They argued that flow of blood through the legs is governed by the product of the pressure gradient across the legs (arterial luminal pressure minus venous luminal pressure) and the vascular conductance of the legs. When the legs are at heart level, the pressure gradient (aortic minus right atrial) driving flow through the legs is provided by the hydrodynamic pressure attributable to the pumping action of the heart acting on the total peripheral resistance. With head-up tilt, a hydrostatic pressure is added to the hydrodynamic luminal pressure, owing to the effects of gravity on the fluid. The magnitude of the hydrostatic pressure is proportional to the height of the column of fluid, the density of the fluid, and the gravitational constant. The hydrostatic pressure will develop immediately with the change in posture in the arteries because they contain no valves, which allows the effects of gravity to be expressed along the entire length of the arterial system. The same is not true on the venous side, owing to the venous valves, which are expected to close and thereby interrupt the formation of a continuous column of blood along the veins. That is, with the closure of the venous valves at the onset of head-up tilt, the pressures within the distal venous compartments are suddenly clamped near the relatively low venous pressure that prevails in the supine posture. Thus there is expected to be a transient increase in the arterial-venous pressure gradient across tissues in dependent regions, owing to the sudden rise in local arterial pressure. This will work to augment the flow of blood into (not through) the legs, a phenomenon that will persist until the filling of the venous system is sufficient to reopen the venous valves. Once a continuous column of blood is established on the venous side of the circulation, the hydrostatic pressures on the arterial and venous side will cancel each other, such that the pressure-flow relationship across dependent tissues will be largely unaffected by gravity. However, at the onset of head-up tilt in the study by Sheriff et al. (18) , there was a simultaneous increase in cardiac output and in heart level arterial pressure. Thus, in addition to the local mechanism outlined above working to raise leg blood flow, the heart was also working to push more blood into legs, making the relative contribution of each unclear.
Our results, shown in Fig. 1 , shed considerable light on the proposal that head-up tilt increases leg blood flow by transiently widening the local arterial-venous pressure gradient. In these trials, we maintained cardiac output constant beat by beat (analogous to the current clamped technique employed in cellular or membrane electrophysiological experiments), meaning that the heart did not suddenly increase its output at the onset of head-up tilt, as in the study by Sheriff et al. (18) , i.e., the heart did not work to suddenly push more blood into the legs [and, in fact, heart level arterial pressure fell at the onset of head-up tilt (thin solid line in Fig. 1A)] ; nevertheless, blood flow into the hindlimbs suddenly rose at the onset of head-up tilt (thin line in Fig. 1E ). Note also that some of the heightened hindlimb blood flow (measured as it passes through the terminal aorta) may represent redistribution of arterial volume from the upper body to the lower body, i.e., not all of the measured rise in blood flow subsequently passed through the resistance vessels; some was likely retained within the arteries owing to the local rise in transmural pressure. When heart level pressures are used to analyze the hindlimb pressureflow relationship, the local change in pressure owing to the hydrostatic effects of tilt is missed, and the "cause" of the increase in flow is manifest as an increase in calculated vascular conductance (thin line in Fig. 1E ), which constitutes a rise in "virtual conductance" (10, 18, 19) .
From its initial peak soon after the onset of head-up tilt, hindlimb blood flow decayed at the end of head-up tilt to near baseline level measured during the supine posture (thin line in Fig. 1E ). Since cardiac output was maintained constant, the fall in hindlimb flow from its early peak likely stems from 1) a progressive filling of the veins, which progressively raises venous pressure until, by the end of head-up tilt, it offsets the rise in arterial pressure; 2) myogenic constriction owing to the rise in local arterial pressure (thin line in Fig. 1A) ; and 3) venoarteriolar-mediated vasoconstriction (11) . Our results shown in Fig. 3 underscore the importance of venous filling in the reduction in hindlimb blood flow during head-up tilt. In these trials, we maintained thigh level arterial pressure constant (analogous to the voltage clamp technique employed in cellular and membrane electrophysiological studies). In response to head-up tilt under this condition, hindlimb blood flow simply decays to a new lower level (thin line in Fig. 3D ), despite no change in the myogenic stimulus (thin solid line in Fig. 3A) . Here, the progressive rise in venous pressure after head-up tilt works to reduce the local arterial-venous pressure gradient (because local arterial pressure was not allowed to rise).
Effects of Antecedent Head-down Tilt
As for humans (18), we found that the pelvic limbs of dogs contribute importantly to the push-pull effect ( Fig. 1 and Table  1 ). The initial rise in hindlimb blood flow and HVLC early on during head-up tilt was much larger in the push-pull trials (60% rise in hindlimb conductance) than in the control trials (30% rise in hindlimb conductance). Moreover, this doubling of the initial rise in hindlimb conductance during head-up tilt that was immediately preceded by head-down tilt resulted from a relatively minor magnitude of tilting (Ϫ15°to 30°); larger responses would be expected with more severe orthostatic stress, which can be as great as Ϫ1 G z to ϩ1 G z on Earth or as great as approximately Ϫ3 G z to ϩ9 G z in present-day, highperformance aircraft. Finally, the exaggerated rise in HLVC in the push-pull trials accounted for a large (43%) fraction of the exaggerated rise in the conventionally calculated TVC, signifying that this region is clearly an important contributor to the push-pull effect.
The fall in lower body arterial pressure that occurs during head-down tilt has been proposed to elicit a myogenic reaction that could contribute to the push-pull effect (14, 18) . For example, if myogenic vasodilation in the hindlimbs induced during head-down tilt persisted early on during head-up tilt, an exaggerated rise in conductance would result. We tested this hypothesis by placing the arterial pressure transducer at midthigh level and using computer-controlled ventricular pacing to maintain beat-by-beat local arterial pressure constant (a high-gain bionic baroreflex). During head-down tilt, cardiac output and hindlimb blood flow were elevated via a pacinginduced increase in heart rate (thick line in Fig. 3E ) to prevent local arterial pressure from falling (thick solid line in Fig. 3A) . With the reversal to head-up tilt, heart rate fell sharply (thick line in Fig. 3E ) to prevent local arterial pressure from rising, and this was associated with a commensurate drop in hindlimb flow (thick line in Fig. 3D) . Critically, over the time period when there were clear differences in hindlimb blood flow and conductance between the control and push-pull trials with constant cardiac output (thin and thick lines within the bar in Fig. 1) , there was little difference in hindlimb blood flow when local (thigh level) arterial pressure was maintained constant (compare thin and thick lines within the bar in Fig. 3D ). This observation was borne out statistically in that there was no difference between the ⌬Pull values of hindlimb blood flow for the control and push-pull trials in Table 2 . Thus clamping the stimulus for myogenic responses abolished the push-pull effect on hindlimb blood flow, signifying that the exaggerated rise in hindlimb blood flow was of myogenic origin in the constant cardiac output trials. Two other mechanisms proposed to contribute to the pushpull effect are 1) a venoarteriolar responses (11, 14, 18) , and 2) a muscle pump-like venous emptying effect (14, 18) . Headdown tilt is expected to unload the veins and thus withdraw venoarteriolar tone, thereby increasing leg vascular conductance early on during the head-up tilt phase of push-pull gravitational stress compared with head-up tilt alone. Likewise, head-down tilt is expected to reduce local venous pressure, thereby further widening the arterial-venous pressure gradient early on during the head-up tilt phase of push-pull gravitational stress compared with head-up tilt alone. The observation that clamping local arterial pressure abolished the push-pull effect on pelvic limb blood flow in the present study argues against the importance of these two potential mechanisms under the present conditions, i.e., clamping local arterial pressure would not be expected to alter the functioning of either of these two mechanisms. It is possible that, in the supine posture, there is little or no venoarteriolar tone to withdraw during head-down tilt, and venous pressure is already low, and there would be little effect of lowering venous pressure to zero during headdown tilt. However, the same is not true for a seated pilot (particularly if the pilot is exposed to more than ϩ1 G z before unloading the aircraft) or a standing individual who bends over to pick something up. The high leg venous pressure under such conditions would likely engender substantial venoarteriolar tone to be withdrawn, and reducing the high local venous pressure would substantially widen the arterial-venous pressure gradient driving flow, e.g., a transition from ϩ3 G z to 0 G z to ϩ9 G z would constitute a far greater threat to blood pressure regulation than would a transition from ϩ3 G z to ϩ9 G z . Finally, metabolic regulation appears to be far too slow to account for the changes observed during rapid changes in posture (21) .
Summary
A push-pull effect attributable solely to peripheral vascular factors occurs in conscious dogs following autonomic blockade, and this push-pull effect is largely (43%) attributable to an exaggerated rise in HLVC that is myogenic in origin.
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